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I.  INTRODUCTION 

It is common knowledge that substantial yaw is detrimental to 
penetrator performance and that any projectiles can be defeated by 
some combination of target materials and/or spacing. 

With the increased use of long rod kinetic energy penetrators against 
spaced targets, the ability to accurately simulate yawed impacts against 
complex target arrays would be of tremendous value. Numerical simulations 
with computer codes enable us to examine each stage of penetration in de- 
tail and it is hoped that the continuing development and sophistication of 
these codes will aid in determining both the best penetrator-target com- 
bination to minimize the effects of possible yaw and conversely, the best 
spacing and thickness of targets to defeat probable long rod threats. 

The purpose of the work described in this paper was to model yawed as 
well as nonyawed impacts against relatively thin targets where perforation 
was expected to occur. The EPIC-31 Lagrangian finite element computer 
code, developed by Dr. Gordon R. Johnson of Honeywell, was used for this 
study. We had added the capability of discarding and/or adding targets 
so that a spaced target situation could be analyzed. Experiments were per- 
formed wherein a 65 gram VIMVAR processed steel rod, length-to-diameter 
ratio of 10 impacted a double target of 10mm RHA and 22.5mm RHA separated 
by a 152.4mm air gap at normal incidence. An attempt was made to model 
two firing situations, one with less than 1° total striking yaw at 830 m/s 
striking velocity, the other with 6.86° total striking yaw at 840 m/s 
striking velocity. A numerical simulation was also performed of a 27 g 
Bearcat rod, length-to-diameter ratio of 10 impacting a single target 
of 12.5mm RHA at normal incidence with a striking velocity of 927 m/s 
with a yaw of 4° using a revised version of EPIC-32. 

A comparison between experimental and numerical simulation results 
is presented here as well as a discussion of the variation in failure 
criteria involved in the numerical simulations and the problems encountered 
in attempting to model plugging failure, which subsequently prevented 

*Spaaed target meaning3  in this case,  two or more target plates separated 
by measurable air gap(s). 

1Gordon E.  Johnson,   "EPIC-3 A Computer Program For Elastia-Plastia Impact 
Calculations in 3 Dimensions"3  BEL CE 343,  July 1977.    (AD A043281) 

2Gordon E.  Johnson "Further Development of the EPIC-3 Computer Program 
For   Three-Dimensional Analysis of Intense Impulsive Loading", AFATL-TE- 
78-81,  July 1978. 
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simulation of the residual penetrator and plug through the air gap and 
into the second target in the case of the double target situation. 

II.  EXPERIMENTAL PROGRAM 

The experimental program was conducted primarily to provide data 
with which to compare the results of the numerical simulation. The 
intent was to fire a sufficient number of long rod penetrators at 
varying degrees of striking yaw against a typical double target 
configuration to provide reliable empirical data. 

There were several constraints on the firing situation. To 
obtain a clear picture of the effect of the first target on the 
penetrator there had to be sufficient space between the two targets 
to ascertain the residual rod orientation and velocity before the 
second target was reached. This precluded using several standard double 
targets wherein the spacing between plates is less than the length of 
the rod planned for these shots. A double target is usually composed 
of a relatively thin target followed by an air gap and a relatively 
thick target. It was thought that EPIC-3 could handle perforation of 
thin targets but it cannot handle deep penetration or perforation of 
thick targets due to the sliding surface treatment in the current 
versions of EPIC-3.  (See Appendix A for a description of the sliding 
surface treatment.) Therefore the residual velocity of the rod between 
the plates had to be considerably less than the limit velocity of the 
second target. 

It was decided to attempt two magnitudes of velocities, one near 
the limit velocity of the first target and one considerably higher 
but less than the limit velocity of the second target. Normal incidence 
was considered to be the least complex situation and therefore the best 
with which to begin yawed impact studies in combination with spaced 
targets. 

Table 1 shows the results of the firing program which consisted of 
20 rounds. Only the results of those rounds for which striking and 
residual velocities were attained are included. A 65g VIMVAR processed 
steel rod, length-to-diameter ratio of 10, diameter of . 10.2mm was fired 
at normal incidence against a double target of 10mm RHA and 22.5mm RHA 
separated by a 152.4mm air gap. A velocity of 430 m/s, just above 
the limit velocity predicted by Lambert's3 algorithm for the 10mm plate 
was attempted for rounds 1-13. Such a low velocity presented problems 
in determining the correct amount of powder for the gun and the corres- 
ponding timings for the x-ray flashes so that data for only four rounds 
was obtained and the residual results for these are questionable in 
that, except for round 11, the first residual penetrator image was 
still within the target on the radiographs. 

V. P. Lambert,   "A Residual Veloaity Predictive Model for Long Rod Vene- 
trators",  ARBRL-MR-028283  September 1977.   (AD B027660) 
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Rounds 14-20 attempted a striking velocity of approximately 830 m/s 
somewhat lower than the limit velocity predicted by Lambert's algorithm' 
for the second target. Data was successfully recorded for six of these 
shots and two of these presented extremes and were considered best for 
an initial attempt at modeling by the code. 

Round 16 had less than 1° total yaw (hereinafter referred to as the non- 
yawed case)-  the radiographic results are shown in Figure 1  Re^mn 
vertical and horizontal yaw rates of 14 rev/s and 155 re?/s were noted for 
the penetrator. Both penetrator and the resulting plug deviated little 
from the original line of flight as indicated by the cone angles of 2° 
for each. 

Round 20 had 6.86° total yaw (herein after referred to as the yawed 
case); the radiographic results are shown in Figure 2. Yaw was imparted 
by firing the projectile close to the edge of a hole 11/16" in diameter 
cut m a thm RHA plate and placed in front of the blast shield.  (See 
Figure 3 for the experimental setup.) This situation is not easy to 
control so does not lend itself to easy replication. The residual ver- 
tical and horizontal yaw rates were 586 rev/s and 521 rev/s respectively 
much greater than for the nonyawed case and the penetrator deviated con- 
siderably from the line of fire as indicated by a cone angle of 23° 
The plug in this case had a cone angle of 6°. A distinct bend, toward 
the far end of the residual rod is noted in the residual radiographs 
The far end of the penetrator has broken off and is still in the 
target at the time the radiograph recorded the event. A third image was 
also obtained in the side radiograph which shows the penetrator slamming 
against the second plate. The data available in the radiographs of this 
round provided an excellent firing situation to simulate numerically 
acknowledging the fact that it was not replicated. 

It was hoped that the vast difference in the residual results between 
these cases of 1) essentially no yaw and 2) considerable yaw would be 
readily reflected in the simulations. 

III.  NUMERICAL SIMULATIONS USING ORIGINAL VERSION OF EPIC-3 

Numerical simulations of two impact situations were attempted using the 
original version of EPIC-3, The original version of EPIC-31 uses a total- 
elastic, incremental-plastic formulation and unloading is handled as though 
the material is rigidly plastic. The revised version2 uses an incremental 
elastic-plastic formulation which unloads parallel to the slope of the 
elastic portion of the stress-strain curve. EPIC-3 had produced good 
results in comparison with experiment for simulations of yawed impacts of 
long rods against a single target where the projectile was severely over- 
matched by the target and no penetration occurred1* and for oblique impacts 

i» 

J.A.  Zukas and B.  E. Ringers,   "Numerical Simulation of Impact Phenomena" 
Proceefangs of the 1980 Summer Computer Conference, AFIPS Press,  1980.     ' 

12 
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where the calculation was stopped after partial penetration5. It was 
considered feasible to simulate both nonyawed and yawed impacts against 
a relatively thin target at velocities which would produce perforation 
of the target. 

Spaced-target impact situations are of substantial interest and two- 
dimensional simulations of such have been performed only recently by 
Matuska and Osbom6, formerly at Eglin AFB, using an Eulerian code, HULL, 
and by Bertholf and Kipp7 at Sandia Labs using CSQ, an Eulerian code, and 
TOODY, a Lagrangian code, in conjunction with each other. 

Since EPIC-3 was amenable to change it was decided to add the capability 
of discarding and adding targets to the code enabling three-dimensional 
spaced-target simulations as long as one target could be discarded be- 
fore another was added. 

Accordingly, experiments were performed, (see Section II) and two 
experimental situations were modeled using EPIC-3; the initial geometry 
and impact situation being similiar for experiment and calculation. 

The following is a discussion of the simulations attempted and the 
problems encountered: 

Case A 

Initially, the nonyawed case was modeled with a striking velocity 
of 830 m/s and, for purely economic reasons, the penetrator was modeled 
using three rings* (see Figure 4 for comparative gridding sizes). 

5G.  H. Jonas and J. A.  Zukas,   "The Meehanios of Venetvation: Analysis 
and Experiment",  Teohniaal Report ARBRL-TR-021S73  February 1979. 

6D. Matuska and J.  Osbom,  to be published.    (AD A068463) 
7L.  D.  Bertholf and M.  E.  Kipp,  et.  al.,   "Kinetic Energy Projeatile Impaat 
on Multi-Layered Targets: Two Dimensional Stress Wave Calculations", ARBRL- 
CR-00291,  January 1979.     (AD B037370L) 
*4 ring is a vertical layer.    Three rings means three vertical layers per 
penetrator radius. 

16 



Figure 4a. Comparative Gridding Sizes:  3 Ring Gridding 
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Figure 4b. Comparative Gridding Sizes:  5 Ring Gridding 
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The material properties shown in Table 2 were used for the penetrator and 
target. Neither penetrator nor target elements were allowed to fail totally*, 
Target elements were allowed to fail in shear and tension** when the equi- 
valent strain*** reached .35. For the penetrator steel material there 
were two data points available from Oak Ridge8 e- =.01 at strain rate e 

—4—1 •       i 
=10  s " and ef =.22 at e =280 s" . Therefore .35 seemed reasonable for 

4 
strain rates =10 in RHA. This calculation was stopped at 20 ys (see 
Figure 5) when the residual velocity of the penetrator was 676 m/s (as 
compared with experimental results of 674 m/s), the momentum normal to the 
target was not close to stabilizing and only a slight bulge appeared in 
the rear of the target instead of a well defined plug. Clearly the coarse 
gridding resulted in excessively stiff behavior of the target. It was 
hoped that a finer grid and lower failure criteria would produce better 
results. 

Case B 

Next a finer grid of five rings was attempted with target element failure 
in shear and tension allowed when the equivalent strain reached 0.2. The 
calculation stopped at 19.8 ys (see Figure 6) due to an instability in 
the kinetic energy computation because of gross distortion of a target 
element. 

Realistically, the target elements defining the shear lines surrounding 
the plug should start to fail gradually from the top of the target to the 
bottom until the plug is completely "punched out". It was not possible to 
let the target elements fail gradually however due to the sliding surface 
treatment (see Appendix A). It had been hoped that the shear lines 
surrounding the plug would be sufficiently distinct so that the elements 
defining them would all meet a level of equivalent strain which could be 
used as the total failure criterion and they could all be failed at once 
producing a free flying plug. Unfortunately, shear failure was not 
sufficiently localized to permit unambiguous removal of target elements. 
Clearly much finer zoning in the target is required. 

*Total failicce oaaurs when the equivalent and voltmetrio strains of an 
element exaeed stipulated values.    All stresses including pressure 
are set to zero for the element.    In the aases discussed in this paper, 
volumetric strain was not considered in stipulated total failure 
criteria. 

**Failure in shear and tension occurs when the equivalent strain of an 
element exceeds a stipulated value.    The element can develop hydro- 
static compression but no tensile or shear stresses   (i.e.,  it acts as 
a liquid). 

* * *Equivalent strain is   

1 =J2/9  (e "V2 + (Ve/ + V^2 + 3/2^xy2+Yxz2 + VZ
2) 

where ex>  ey, ez are normal strains and Yxy, YXZ, Yyz are shear strains. 

In this version of EPICS the strains cere Lagrangian strains. 
Dr.  E.  Bloore, private communication. 
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Quantity 

Table 2, Material Properties 

 Projectile  Target 

Density (g/cc) 

2 
Elastic Modulus (dynes/cm ) 

Poisson's Ratio 

2 
Yield Stress (dynes/cm ) 

2 
Ultimate Stress (dynes/cm ) 

Strain at Ultimate Stress 

7,84 

2.068x10 

0.28 

12 

1.43x10 

2.68xl010 

0.16 

10 

7,84 

2.11x10 

0.30 

12 

8.96x10 * 

l.lOxlO10 

0.22 

Artificial Viscosity Coefficient 

Linear Component 0.5 0,5 

Quadratic Component 4.0 4,0 

*This 10mm plate was cut from 38mm plate and softened. 

Note: Equation of state data was obtained from "Computation of Hugoniot 
Equations of State," by Brian J. Kohn, AFWL-TR-69-38, April 1969 
(AD 852300). 

20 



Figure 5.  Case A:  Nonyawed Penetrator, Coarse Gridding 
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Figure 6 shows the plug in an incipient stage. However, the residual 
velocity of the penetrator (722 ra/s) indicates that the plug is not form- 
ing quickly enough for the residual velocity of the penetrator to approxi- 
mate the experimental value of 674 m/s after it has sent the plug on its 
way at 676 m/s. There are two other details to be noted in this cross- 
sectional deformation plot. There was less than 1° total yaw so the re- 
sults would not be expected to be truly symmetric. However, there is a 
greater lack of symmetry in the results due to a lack of geometrical 
symmetry of elements about the center of the target (considered to be 
coincident with the tip of the projectile, see Figure 5). This is the 
way the geometry generation in EPIC-3 handles target elements. There 
is a cross-over between the penetrator and target on the left side of 
the plug; the slave node spacing has surpassed the master node spacing 
with the result that consecutive slave nodes affect master surfaces 
which are not consecutive. There is a master surface between them which 
is not affected. This has been alleviated in the revised version of 
the code where infringement of master nodes on slave surfaces is also 
checked. 

Case C 

The yawed case was started when the nonyawed case had looked promising 
so it was allowed to continue until it halted at 20.7 ys (see Figure 7) 
when instabilities in energy computations occurred. The same material 
properties were used for the yawed case; the striking velocity was 840 m/s. 
The residual velocity was 727 m/s when the calculation stopped but again 
the plug has been slow in forming. It is interesting to note that con- * 
siderable yaw seems to have had little effect on residual velocity up to 
20 us.    Compare this with the nonyawed case which had a striking velocity 
of 830 m/s and a residual velocity of 722 m/s at 19,,8 us. 

Case D 

Dr. Gordon Johnson, the author of EPIC-3, suggested that since the 
code had indicated the location of the shear lines defining the plug 
the problem could be initially set up taking this into account. Normally 
for a monolithic target, the target elements are all considered to be 
one material. However, for this case, the target elements were to be 
assigned separate but identical materials, one for those elements which 
belonged to the plug, a second for those which occurred around the cir- 
cumference of the plug (the shear lines) and a third, the remainder of 
the target. When the plug had sufficiently formed, the elements with 
the second material could be artificially failed and the plug permitted 
to fly freely. The code was changed to accomplish this and three ring 
gndding was used for this iteration. Note that this approach, though 
artificial, is the analog of current practice with finite difference 
impact codes where problems are initially run to determine the positions 
where plugging is expected to occur and then the problem is rerun with 
slide lines introduced at those positions so that the anticipated plug 
can form along predetermined lines. 
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The projectile elements were allowed to fail in shear and tension 
when the equivalent strain reached .2 and fail totally when the equivalent 
strain reached 1. This was done in an attempt to model the erosion of 
the nose of the penetrator and also alleviate the problem of unrealistic 
severe distortions in the target surface elements due to a nondeforming 
projectile. The target elements, regardless of material designation, 
were allowed to fail in shear and tension when the equivalent strain 
reached .25 but they were not allowed to fail totally. Isometric deformation 
plots showing the progress of the calculation are shown in Figure 8. 

At 30 us a realistically-shaped plug had formed, the coarse grid 
and poorly formed shear lines precluding a distinct plug as expected. 
The shape of the plug and the residual velocity of the penetrator at 
this time (675 m/s) warranted releasing the plug. The elements around 
the circumference of the plug were artificially failed as planned. 
Cross-sectional and isometric plots of the resulting situation are 
shown in Figures 9a and 9b. 

The calculation stopped at 50 ys when plug elements became severely 
deformed. The residual velocity of the penetrator at 50 ys was 655 m/s 
as compared with 674 m/s experimentally. However the residual velocity 
of the plug,  328 m/s (up from 278 m/s when first released) and 
the V shape of the plug (see Figures 10a and 10b for cross-sectional 
deformation plots at 25 ys and 45 ys) were due to the relatively low 
value of equivalent strain which had been used (.25) for target element 
failure in shear and tension. Unfortunately this low criterion had 
also been achieved by most of the elements in the plug so the plug 
acted essentially as a fluid, able to develop hydrostatic pressure 
but certainly not able to act as a rigid-bodied plug. Further pressure 
from the penetrator only caused the plug to flow up around the penetrator 
rather than be propelled ahead. Note that at 45 ys there is an overlap 
of plug and other target material. No sliding surface relationship 
existed between these surfaces so they are unaware of each other's 
existence. 
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The predicted length of the residual penetrator was 8.3cm as 
compared with the experimental value of 8.16cm. The artificially 
produced plug had a mass of 11.6 g as compared with 12.1 g obtained 
experimentally. 

Case E 

In the yawed case, as in the nonyawed case, ,2 and .25 were used 
as the values of equivalent strain for which failure in shear and tension 
would occur in the projectile and target respectively. The target elements 
were not allowed to fail totally. The projectile elements were allowed 
to fail totally when the equivalent strain reached 3 versus 1 for the 
nonyawed case.  Isometric deformation plots showing the progress of 
the calculations are seen in Figure 11. A rather jagged-looking plug 
appeared by 15 ps resulting largely from the higher strain required 
for total failure*. The coarser grid (three versus five rings) also 
seemed more critical in the yawed case. Based strictly on the Jagged 
appearance of the deformation, the decision was made to reduce the 
criterion for total failure in the projectile elements to 2 after 15 ys. 
At 35 ]is  when the penetrator residual velocity was 648 m/s the plug was 
artificially released and is shown at 45 ys in Figure 13. The momentum 
had not stabilized and the plug was very jagged-looking, unlike that seen 
in the radiographs. Shortly after 45 ys the calculation stopped when 
the kinetic energy exceeded the original by 10% as one of the plug 
elements had become severely deformed. At 45 ys the penetrator residual 
velocity was 63104 m/s,  the plug velocity, 372 m/s as compared with 
550 m/s and 663 m/s obtained experimentally for the residual penetrator 
and plug respectively. 

The low velocity and V-shape of the plug were due to the fluid 
condition of the plug as described in the nonyawed case. The cal- 
culation stopped just as the left edge of the target was starting to 
affect the side of the penetrator.  (See the cross-sectional deformation 
plots in Figure 14.)  It had been hoped that the large bend further 
along the rod (shown in the radiographs) would be crudely simulated in 
the calculation. 

"In trying to determine the cause of suah    jaggedness,  the same failure 
orvteria were subsequently used for the nonyawed case with the same 
jagged looking results  (see Figure 12) so the higher strain required 
for total failure was the cause hut it is not known why it had this 
effect. 
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Figure 12.  Cross-Sectional Deformation Plot of Nonyawed Penetrator at 
30 ys With Total Failure occurring When the 

equivelent strain = 3 

.M 
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Figure 13. Case E:  Isometric Deformation Plot of Yawed Penetrator at 
45 ys After Release of the Plug 
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Experimentally, the far end of the penetrator had finally broken 
off, probably due to this second impact. This should account for most of 
the disparity in the residual rod length between the experimental results 
(5.94cm) and the calculated prediction 7.67an. 

This is an excellent example of an impact situation in which the 
remaining target material can not be simply discarded if a valid 
simulation is to be produced. The results were not as good in the 
yawed case as in the nonyawed case. The coarser gridding and the higher 
equivalent strain required for total failure in the projectile appeared 
to have a greater effect on the results. Also, the calculation could 
not go far enough to obtain the effect of the target edge on the yawed 
rod, the probable primary factor in the difference between yawed and 
nonyawed impact residual rod orientation. Experimentally, the diameter 
of the plug was considerably larger in the yawed case Cl.7cm) as com- 
pared with the nonyawed case (1.49cm) and the diameter of the pro- 
jectile (1.02cm). Therefore, the predetermined boundary of the plug 
based on elements specified a radius (slightly larger than the radius 
of the projectile) from the center was a cruder model in the yawed case, 
so the artificial plug with a mass of 11.6 g was a poorer approximation 
to the plug mass obtained experimentally (13.21 g) as seen in the 
radiographs. 

Table 3 gives a summary of experimental vs simulation results 
for the nonyawed (Case D) and yawed (Case E) impacts respectively. 

IV.  NUMERICAL SIMULATION USING REVISED EPIC-3 

An improved version of EPIC-32 was received during the course of these 
calculations. The revised code, although similar to the earlier version1, 
contains many extensions and improvements, among them: 

a. an incremental elastic-plastic formulation. This permits correct 
simulation of material unloading as opposed to the total elastic- 
incremental plastic formulation of Reference 1. 

b. an improved treatment of internal energy computations so that 
total energy is better conserved. 

The revised version of EPIC-3 was used to compute the impact of a 
27.1 gram S7 steel rod, L/D of 10 into a 12.5mm single RHA target at 
40 yaw. The striking velocity was 927 m/s. Experimental data for this 
situation was obtained from Mr. C. Grabarek. Material properties for 
the computation are given in Table 4 and computational results shown 
in Figure 15. A true stress-true strain formulation is used in the 
revised EPIC-3 whereas a Lagrangian strain measure had been employed 
in the original version. The penetrator elements were allowed to fail 
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Table 3. Experimental vs. Simulation Results 

Nonyawed Case 
(less than 1° total yaw) 

Yawed Case 
(6.86° total yaw) 

Experiment Calculation Experiment Calculation 

Striking Velocity 834 m/s 830 m/s 841 m/s 840 m/s 

Total Yaw .97° .97° 6.86° 6.860 

Residual Velocity- 674 m/s 655 m/s  @ 
50 ys 

550 m/s 631 m/s  @ 
45 ys 

Residual Rod Length 8.16,;cm 8.3 cm 5.94 cm 7.67 cm 

Plug Velocity 676 m/s 328 m/s* 663 m/s 372 m/s* 

Plug Mass 12.17 g 11.6 g 13.21 g 11.6 g 

"The liquid condition of the plug effectively nullifies these results. 
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Table 4, Material Properties for 4° Yaw Computation 

Quantity    Projectile Target 

Density Cg/cc) 

2 
Elastic Modulus (dynes/cm ) 

Poisson's Ratio 

Yield Stress (dynes/cm2) 

Ultimate Stress (dynes/cm ) 

Strain at Ultimate Stress 

Artificial Viscosity Coefficient 

Linear Component 

Quadratic Component 

7.84 7.84 

2.07xl012 2.07xl012 

0.28 0.30 

1.86xl010 l.lxlO10 

2.24x1010 1.52xl010 

0.10 0.16 

0.2 0.2 

4.0 4.0 
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in shear and tension when the equivalent strain reached .25 and totally 
when the equivalent strain reached 1.5. The target elements were allow- 
ed to fail in shear and tension when the equivalent strain reached .32; 
they were not allowed to fail totally.  It can be seen from Figure 15 
that the shear lines, even for this coarsely gridded case, are much 
more distinct than in previous calculations. The residual velocity at 
57 ys of 581 m/s compares favorably with the experimental value of 
556 m/s. The velocities for the nodes associated only with failed 
elements were excluded from the residual velocity determination which is 
more accurate than the results for the previous calculations which 
included the velocities of nodes which were no longer a part of the 
residual penetrator. There is also excellent correlation for the re- 
sidual penetrator mass (12.97 g vs. 12 g obtained experimentally), 
the nodal mass of free flying nodes being excluded. However, as in the 
previous results, plug elements have also failed, rendering it in effect 
a fluid. 

V.  CONCLUSIONS 

From the foregoing, we may draw several conclusions regarding require- 
ments for adequate simulation of plugging problems. 

a. Very fine spatial resolution is required in attempting to model 
the plugging involved in ballistic impact situations. Even though the 
results shown in Figure 15 have visual appeal, the fluid state of the 
plug indicates the need for a fine mesh in order to concentrate the 
activity.  Fine resolution will increase considerably the cost of three- 
dimensional computations.  For example, a computation with 15,372 elements 
from 0-20 ys required 2700 CPU seconds whereas the same calculation with 
38,184 elements required 14,000 CPU seconds. 

b. If feasible, investigation into plugging phenomena ought to be 
undertaken initially with two-dimensional impact codes in an attempt to 
model the plugging involved in normal impact situations.  This would 
provide great reductions in the time, cost, and complexity involved. 
Once some success has been attained with this relatively simple plugging 
situation, then the same techniques may be applied using three-dimensional 
impact codes to enable further refinement and verification. 

c. Investigation must be conducted as to which failure criteria 
should best handle plugging failure.  Since plugging is a complex mode 
of failure, probably due to different mechanisms depending on the materials 
and strain rates involved, various types of plugging failure must be 
studied. An effective plastic strain criterion by itself may not be 
adequate to handle any or all of these. 

For typical ballistic impact situations involving high strain rates 
and RHA targets, it is thought that a plastic shear instability occurs 
at the projectile periphery resulting in adiabatic shear and subsequently 
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plugging failure. The work of plastic deformation is converted almost 
entirely into heat which, because of high deformation rates, is unable 
to diffuse significantly away from this narrow plastic zone. The tem- 
perature in the zone rises and thermally softens the local material, 
encouraging and concentrating additional local plastic flow. Hence' 
failure criteria to model these situations ought to include treatment 
of thermal softening. Another possibility is the incorporation of a 
failure model based on shear strains and shear strain rates.  Experi- 
mental work for RHA along these lines is being conducted by Dr. G. Moss9 

of BRL and analytical models for shear nucleation and growth suitable for 
incorporation in two- and three-dimensional computer codes are under 
development at Stanford Research Institute10. 

d  The earlier version of EPICS1 lacks many of the necessary features 
needed for the study of highly localized deformations.  Its use is not 
recommended for these or other problems in view of the availability of 
improved versions of EPIC-30 
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APPENDIX A 

Sliding Surface Treatment 

41 



In the current version of EPIC-3 sliding surfaces are used to handle 
the interface between different surfaces Ce.g., target and penetrator). 
Usually the master surface is assigned to the target and the slave sur- 
face is assigned to the penetrator. If a slave node penetrates the master 
surface it is moved onto the master plane, normal to its surface and 
its lost momentum is transferred to the nodes defining that master plane. 
This necessitates the master surface remaining intact where there is any 
possibility of a slave node interfering.  Otherwise, a slave node will 
not be aware of any other surfaces so will not be restrained in any way. 

When a thin target suffers severe deformation (see Figure Al) and the 
penetrator momentum normal to the target has stabilized, it is realistic 
to fail all of the target material below the projectile at once, assuming 
there is no concern for possible ballistic effects due to this failed 
material. 

However, realistically, in the case of a thick target, portions of 
the top layer will fail much sooner than portions of the bottom layers. 
There is at present a contract with Honeywell to change the sliding sur- 
face treatment to allow a master element to fail and transfer its master 
status to the element directly below it.  It is hoped that this improve- 
ment will enable accurate simulation of deep penetration problems. 
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Figure Al.  Severe Deformation of Thin Target 
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APPENDIX B 

Definitions 
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1. ^s> ^r Test - the firing of a number of nominally identical pene- 

trators into as many nominally identical targets with all controlled 
phenomena except striking velocity being nominally invariant (i.e. 
a fixed "projectile-target situation"); penetrator striking and 
residual velocities from each shot are measured and a collection of 
data points (V . V ) is thereby generated. 

The primary purpose of conducting a Vs, Vr test is to analyze the 
dependence of residual velocity on striking velocity (including limit 
velocity determination) for a specified projectile-target situation. 
The radiographic coverage needed for velocity measurement provides 
relatively easy access to further penetration mechanics analysis: 
frequent additional objectives in Vs, Vr testing involve, for instance, 
study of the dependence on striking velocity of various residual 
effects (e.g., residual penetrator mass; the shape, mass, and velocity 
of a plug or of other fragment debris). 

2- Limit Velocity (V^) - value determined from a set of Vs, Vr data 
(as generated in a Vs, Vr test) using the computational algorithm 
described in BRLR 1852 (AD A021389); V^, is one of a triple of values 
(a> PJ Vjp which minimizes the root mean square error when the form 

0, 0 < vs < v£ 
is applied to the given V , V V r a(VsP-VV

/P, Vs > V, 

data set. 
Note:  the idealized physical notion abstracted to suggest the above 
form is that of an absolutely invariant projectile-target situation 
for which each striking velocity can yield one and only one residual 
velocity (and the V£ = max {Vs: Vr= 0} = inf {Vs:Vr > 0}). 

3. Incidence Angle (or Obliquity) (9) - angle between the penetrator 
line of fire (path of the center of gravity) and the normal to the 
target plane. 

4. Spacing between plates - orthogonal distance between plates. 

5. Plug - a major fragment which may be punched out from the target, 
usually at striking velocities near the limit velocity. A plug 

These definitions  ore taken from: 

Lambert, J. P. and Ringers, B. E,3   "Standardization of Terminal Ballistios 
Testing,  Data Storage and Retrieval",  Technical Report ARBRL-TR-02066, 
May 1978.     (AD A056366) 
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is of roughly cylindrical shape having diameter at least as large 
as that of the penetrator and height (or length) no greater than 
the target plate thickness; front and rear ends tend to be convex 
and concave respectively and the lateral surface shows strong 
indication of shear. 

6. Perforation - passage of a penetrator completely through a target. 
In terms of velocity, we say there is perforation if and only if 
V > 0. 
r 

7. Striking Velocity (V ) - velocity (really, speed) of penetrator 

at impact; determined from the position, time history of before- 
target radiographic images. 

The following geometric setting will be used in describing 
items 29 and 30 (Figures Bl and B2). Consider a coordinate system 
in which the origin is on the line of fire at a point midway through 
the target plate, the z-axis coincides with the line of fire, and 
the x and y axes are respectively horizontal and vertical with 
respect to the test set-up.  (In the context of usual experimental 
procedure, this means that the x-axis is parallel to and midway 
between the front and rear target surfaces and that the y-axis makes 
with these surfaces an angle equal to the obliquity.) 

Note: Wherever used, the term "residual penetrator" will refer 
to the major (largest) post-perforation penetrator remnant, while 
"residual length" will refer to the length, as measured along the 
longitudinal axis, of the residual penetrator. 

8. Cone Angle (X) and Phase Angle (<$>)  -  these are behind-target 
characteristics descriptive of the trajectory of the residual 
penetrator (see Figure Bl). Let P = (x , y , z ) be the center 

of the gravity of the residual penetrator at some point behind the 
target. The Cone Angle is the acute angle between the line of 
fire (z-axis) and the residual trajectory (line from the origin 
through P): 

X = tan" 111 o   yo 
z 
o 

The Cone Angle is thus a measure of the deflection in tra- 
jectory caused by perforation; the orientation of this deflection 
will be provided by the Phase Angle. 

Let y1 be an arbitrary positive number; let r be the point 

(0, y.t   z ) and let q be the point (0, 0, z ). Then the Phase 
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Angle is ^ = ^.rqp (measured clockwise as perceived from the 
origin); 0° <_ $ <  360°. Note that $ is  not defined if X = 0°. 

We can specify i^ as follows (for X ?  0°) 

9. 

(i)  If yo = 0, let 
| 90O if x > 0 
I       0 

270° if x < 0 
o 

(ii) If y t  0, let $  = tan"1 i\\ ,  -90° < ^ < 90°, 

and (J) if y 

180° if y < 0 
'o 

0 and x 

i/; + 360° if y > 0 and x < 0. 

> 
o — 

0 

Striking Yaw; Vertical (ct). Horizontal (g). Total (6) - (See 
Figure 32) for the penetrator at a point prior to impact, let A 
be the penetrator axis of symmetry; let Aj and A9 be the orthog- 

onal projections of A on the y-z (vertical) and x-z (horizontal) 
planes respectively. The Vertical Striking Yaw, a, is the acute 
angle from the penetrator trajectory (initially the line of fire 
along the z axis) to Aj (positive orientation being counter- 

clockwise as seen from the positive x-direction). The Horizontal 
Striking Yaw, 6, is the acute angle from the penetrator trajectory 
to A2 (positive orientation being clockwise as seen from the 

positive y direction). The Total Striking Yaw, 6, is the 
(positive) acute angle between the z-axis and A; in terms of a 
and 6. 

tan ■\tsn' a  + tan g 

Note i: behind-target vertical, horizontal, and total yaws are 
defined analogously - reset the coordinate system so that the 
z-axis coincides with the residual trajectory. 
Note ii: total yaw, 6, is not generally susceptible to direct 
measurement; rather its "components" a and g are inferred from 
side and b ottom radiographic images. Vertical and horizontal 
striking yaws are properly derived from images at the last 
radiograph station before the target. 

10. Residual Velocity (V ) - zero if the penetrator does not perforate 

the target; otherwise, the post-perforation velocity (speed) of the 
residual penetrator (or other piece if so indicated) as determined 
from the position, time history of behind-target radiographic 
images. 
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11• Vertical Yaw Rate - Rate of change, in rev/s, of behind-target 
vertical yaw. 
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USER EVALUATION OF REPORT 

Please take a few minutes to answer the questions below; tear out 
this sheet, fold as indicated, staple or tape closed, and place 
in the mail.  Your comments will provide us with information for 
improving future reports. 

1. BRL Report Number  

2. Does this report satisfy a need?  (Comment on purpose, related 
project, or other area of interest for which report will be used.) 

3.  How, specifically, is the report being used?  (Information 
source, design data or procedure, management procedure, source of 
ideas, etc.) 

4. Has the information in this report led to any quantitative 
savings as far as man-hours/contract dollars saved, operating costs 
avoided, efficiencies achieved, etc.? If so, please elaborate. 

5.  General Comments (Indicate what you think should be changed to 
make this report and future reports of this type more responsive 
to your needs, more usable, improve readability, etc.)   

6.  If you would like to be contacted by the personnel who prepared 
this report to raise specific questions or discuss the topic, 
please fill in the following information. 

Name: 

Telephone Number: 

Organization Address: 


